ABSTRACT: Heavy mineral analysis is one of a group of provenance-based methods that complement traditional biostratigraphic correlation of clastic reservoirs. A variety of processes give rise to stratigraphic changes in sediment composition, including source area uplift, unroofing, changes in climatic conditions, extent of alluvial storage on the floodplain and the interplay between different depositional systems. Heavy mineral analysis is a reliable and proven technique for the correlation of clastic successions because prolonged and extensive research has provided detailed understanding of the effects of processes that alter the original provenance signal during the sedimentary cycle, such as hydrodynamics and diagenesis. The technique has been successfully applied to a wide range of clastic reservoirs, from fluvial to deep marine and from Devonian to Tertiary, using a combination of different types of parameters (provenancesensitive mineral ratios, mineral chemistry and grain morphology). The application of heavy mineral analysis as a non-biostratigraphic correlation tool has two limitations. The first is that valid correlations cannot be made in sequences with uniform provenance and sediment transport history, but this is a problem inherent with all provenance-based methods. The other is that the technique can be applied only to coarse clastic lithologies and is not suitable for fine-grained sediments or carbonates.
INTRODUCTION
Correlation of production intervals is one of the key components required to build a petroleum reservoir model. It places fundamental constraints on the perception of the reservoir architecture, both in a stratigraphic sense and in terms of the lateral continuity of reservoir units. Traditionally, correlation is achieved using biostratigraphic methods. However, in many clastic reservoirs, correlation is difficult to achieve by biostratigraphic methods alone. This is especially true of sandstones deposited in non-marine or paralic environments, particularly in red-bed settings, where biostratigraphic control is generally either very poor or entirely absent. Even in marine depositional environments, sedimentation rates may be so rapid that biostratigraphic events lack sufficient resolution for detailed sand body correlation. In such circumstances, it is important that other methods of correlation are used, either in isolation or to complement biostratigraphic data.
NON-BIOSTRATIGRAPHIC CORRELATION METHODS
There are a number of non-biostratigraphic approaches that can be used for correlation. These include:
1. sequence stratigraphic methods (using either core-based sedimentological criteria, geophysical logs, or seismic data); 2. direct or indirect dating (by radiometric dating, magnetostratigraphic or seawater 87 Sr/ 86 Sr methods); 3. provenance-based methods (such as heavy mineral analysis, clay mineral analysis, whole-rock geochemistry or Sm-Nd isotopic methods).
The essential prerequisite for successful application of any provenance-based correlation method is that there were changes in sediment provenance or transport history during deposition. These changes are reflected in the mineralogy and geochemistry of the sediment and can therefore be detected by one or more of the various analytical techniques. The main problem with provenance-based methods is that a number of other processes capable of affecting bulk mineralogy and geochemistry operate during the sedimentary cycle. Consequently, it may prove difficult isolating the provenance signal from the effects of these other processes. This review paper describes the role of heavy mineral analysis as one of the This article is the first one of a small series, commissioned by the journal and edited by Paul Nadeau, which will aim to provide an overview of non-biostratigraphic correlation techniques.
non-biostratigraphic methods of correlation, discusses the rationale behind the use of the method for correlation of reservoir sandstones and presents a series of case examples to demonstrate its applicability.
EFFECTS OF PROCESSES OPERATING DURING
THE SEDIMENTARY CYCLE The processes that have the potential to bias the provenance signal during the sedimentary cycle (Morton & Hallsworth 1999) include:
• weathering at source, prior to incorporation in the transport system; • mechanical breakdown during transport;
• weathering during periods of alluvial storage on the floodplain; • hydraulic processes during transport and final deposition;
• diagenesis during deep burial;
• weathering at outcrop.
For provenance-based correlation to be reliable, the effects of these processes have to be fully evaluated and a rationale for counteracting them needs to be developed. In this regard, heavy mineral analysis has a number of advantages over the other commonly used provenance-based correlation methods. First, the technique has been used for a long period (since the start of the last century) and, in consequence, there has been a considerable amount of research into the response of heavy mineral suites to these overprinting factors. Second, the knowledge gained through this research has made it possible to generate parameters that filter out overprinting effects. These parameters can therefore be used for correlation because they accurately reflect changes in sediment provenance and transport history. Third, the method does not determine the attributes of bulk samples, but deals with the particles that constitute the sample. Consequently, comparable data can be generated from the full suite of sample types available from industry boreholes (core, sidewall core and cuttings), because components added during the drilling process (such as mud-weighting agents) can be discounted.
Three of the overprinting processes have little or no adverse effect on the applicability of heavy mineral data for correlation of hydrocarbon reservoir sandstones. Although weathering at source or during periods of storage on the floodplain affects the composition of heavy mineral assemblages in sediments delivered to the site of deposition, such changes are a reflection of transport history and are therefore potentially useful in correlation. Weathering at outcrop is not an issue when dealing with correlation of sandstones in the subsurface. Mechanical breakdown of heavy minerals during transport is not considered to have a major effect on sand composition, except under extreme circumstances (Morton & Hallsworth 1999) .
By contrast, two of the processes (hydraulics and diagenesis) exert strong controls on heavy mineral assemblages. Hydraulic processes fractionate the relative abundance of minerals with different hydraulic behaviour and burial diagenesis alters mineral assemblages through progressive dissolution of unstable mineral species and by growth of secondary phases. Consequently, these processes are potentially capable of overprinting the original provenance signal, rendering correlations suspect. In order to ensure that correlation is reliable and accurate, the parameters that are used must not be affected by hydraulic or diagenetic processes.
HEAVY MINERAL CRITERIA SUITABLE FOR
RESERVOIR CORRELATION Two complementary approaches can be used to identify correlatable events from heavy mineral data. The first of these utilizes provenance-sensitive ratio data (Morton & Hallsworth 1994) . These ratios determine the relative abundances of minerals with similar hydraulic and diagenetic behaviour, thereby minimizing the effect of processes operative during the sedimentation cycle. In order to ensure that hydraulic controls are minimized, the minerals used for ratio determinations need to have similar grain sizes and densities, the two most important controls on hydraulic behaviour (Morton & Hallsworth 1999) . This is achieved by restricting heavy mineral analysis to a narrow size range (63-125 µm is recommended). In order to minimize diagenetic controls, the minerals used in the ratio determination should be stable in the context of the study. Ratios that are most useful for reservoir sandstone correlation are apatite:tourmaline, garnet:zircon, rutile:zircon, monazite:zircon and chrome spinel:zircon. These are expressed as index values (ATi, GZi, RuZi, MZi, CZi) and are determined as shown in Table 1 .
Since garnet is unstable during deep burial, in some circumstances the GZi value may have been reduced through garnet dissolution. This possibility can be evaluated by considering whether less stable phases (such as staurolite or kyanite) are components of the heavy mineral assemblage and by examining garnet surface textures to identify the extent of garnet corrosion (see Morton 1984) . The ATi value may not be a true reflection of provenance, because apatite is unstable during weathering. Although ATi reflects the combined effects of provenance, climate and transport history, changes in this index remain valid for correlation purposes because they are related to factors that influence the bulk sediment en route from source to basin.
Ratios of minerals with contrasting densities, such as zircon and tourmaline, are highly sensitive to hydrodynamic variations, and are therefore useful indicators of changes in depositional facies. Such measurements might therefore prove useful for correlation on a local scale, particularly when attempting to identify or differentiate sandstones with different reservoir qualities. However, it would be dangerous to attempt correlation on field-wide or regional scales using such data, given the likelihood of lateral facies variation. Provenance-sensitive ratio data can be supplemented by varietal data, which are acquired through studies of one or more individual mineral groups. Concentrating on a single mineral minimizes density and stability contrasts and, consequently, produces data that are largely unaffected by the processes of hydraulics and diagenesis. The classical approach to varietal studies is to distinguish types on the basis of their optical properties, such as crystal form or colour. The drawback of this method is that it is somewhat subjective and class distinctions tend to be arbitrary. In consequence, it is difficult for different analysts to generate comparable data. However, this approach provides useful information on sedimentary processes. For example, apatite is softer than the other heavy minerals and becomes rounded relatively rapidly. Apatite roundness can therefore be used as a sensitive indicator of the extent of influence of aeolian processes (Allen & Mange-Rajetzky 1992; Mange et al. 1999) . Variations in this type of varietal data do not necessarily reflect changes in provenance and thus they may provide a basis for correlation that cannot be detected either by alternative heavy mineral methods or by any other provenance-based approach.
The advent of microbeam geochemical methods, such as electron microprobe analysis, in the latter part of the last century enabled rapid and accurate determinations of the compositional variability shown by detrital heavy mineral populations. This alternative approach to varietal studies generates data sets that can be readily compared with those generated by other analysts. Many of the components of heavy mineral assemblages show geochemical variation (Morton 1991) , but the most useful for reservoir correlation are the stable and ultrastable species. Of these, garnet has a wide compositional range in sediments (Morton 1985) and has been used extensively for this purpose (e.g. Hurst & Morton 1988) , but is limited in application to less deeply buried reservoirs where garnet dissolution is not advanced (Morton 1987) . Tourmaline also shows a wide compositional range in sediments (Henry & Guidotti 1985) , but although tourmaline geochemical studies have shown potential for reservoir correlation (e.g. Jeans et al. 1993) , they have not been used extensively. The potential of other stable phases such as zircon, rutile and chrome spinel has been explored (e.g. Owen 1987; Preston et al. 1998 ), but to date they have not been used in reservoir correlation.
CORRELATION USING HEAVY MINERALS
Correlation of reservoir successions by means of any provenance-based method requires (i) that there were changes in provenance or transport history during deposition, and (ii) that the parameters used to identify these changes were not affected by any overprinting process. Correlatable changes in mineralogy have four possible causes ( Fig. 1 ).
1. Rapid evolution in source area characteristics (for example, by tectonic uplift). This gives rise to clear, well-defined mineralogical events, providing a basis for high-resolution correlation on either a local (field-wide) or regional (basinwide) scale. 2. Long-term evolution in source area characteristics (for example, by unroofing during erosion). This gives rise to gradual changes in mineralogy, which have relatively low resolution for correlation purposes but which may have regional (basin-wide) significance. 3. Extent of weathering during transport (for example, due to climate change or variations in residence time of alluvial storage on the floodplain). This factor causes clear, welldefined variations in ATi (and GZi in extreme circumstances), providing a basis for high-resolution correlation on either a local (field-wide) or regional (basin-wide) scale. 4. Interplay of two depositional systems (for example, in a shoreface setting where detritus introduced by a fluviodeltaic lobe interfingers with sediment transported longshore). This is likely to provide a basis for high-resolution correlation, but only on a local (field-wide) scale.
These different types of correlation have been recognized in a variety of depositional settings and using a variety of different heavy mineral parameters and are illustrated by reference to a number of case examples.
Correlation of deep-water sandstones: Paleocene of the Foinaven Field, Faroe-Shetland Basin
The Early Paleocene Sullom Formation and Early-Late Paleocene Vaila Formation (Knox et al. 1997) in the Faroe-Shetland Basin are composed of deep-water sandstones and interbedded mudstones. The sandstones were deposited as slope and basin floor turbidites (Lamers & Carmichael 1999) and form the reservoir for the Foinaven and Schiehallion fields (Fig. 2) , Table 1 . Rivers X, Y and Z drain a heterogeneous hinterland, comprising both metamorphic basement (supplying sediment with high GZi) and granite (supplying sediment with low GZi). Variations in the extent of weathering during transport, caused by differences in climate (humid/arid) and alluvial storage on the floodplain, induce variations in ATi.
where they form a series of amalgamated channel complexes in a base of slope fan environment (Cooper et al. 1999; Leach et al. 1999) . The Paleocene succession in the Faroe-Shetland Basin has been subdivided on a sequence stratigraphic basis into a series of packages (T10-T50) bounded by maximum flooding surfaces, formulated using a combination of well, seismic, log and biostratigraphic data (Ebdon et al. 1995; Lamers & Carmichael 1999) . Heavy mineral assemblages in Paleocene sandstones from the Foinaven Sub-Basin, where the Foinaven and Schiehallion fields are located, show marked variations that correspond to different sequence stratigraphic packages . The evolution in provenance characteristics in the Foinaven Field can be recognized on the basis of variations in both provenance-sensitive mineral ratios and garnet compositions (Fig. 3) .
The initial influx of sand during the Paleocene is the result of uplift of the Shetland Platform to the east, probably in response to proto-Icelandic plume activity (White & Lovell 1997) . The earliest sands (T10) show a distinct stratigraphic evolution, with steady increases in both ATi (from 15 up to 50) and GZi (from 55 up to 90). This is interpreted to be the result of the progressive removal of deeply weathered material from the Late Cretaceous land surface, since both ATi and, to a lesser extent, GZi, are reduced during prolonged weathering. The trends in ATi and GZi are accompanied by a decrease in the proportion of high-pyrope (>20%), low-grossular (<10%) garnet, consistent with an increase in supply of sediment from crystalline basement rocks .
The later T31-32 sandstones have characteristics compatible with the culmination of the trend seen in T10, with high GZi (85-95) and moderately high ATi (70-80). Garnet assemblages have relatively low proportions of high-pyrope (>20%), low-grossular (<10%) types (Fig. 3) . These sandstones are interpreted to be the products of the same dispersal system that operated during T10 times, but with virtually all vestiges of the Late Cretaceous weathering profile having been removed. The T34 sandstones have similar GZi values to those of T31-32 (c. 90), but ATi is higher (80-90) and there is a higher proportion of high-pyrope, low-grossular garnet within the garnet assemblages. The garnet geochemistry of the T34 material is consistent with a greater input from a Triassic (Foula Formation) source . Detritus with these mineralogical characteristics is found throughout the entire T10-T34 interval in the adjacent Schiehallion Field (Morton al. 2002) , indicating that the Schiehallion area was supplied by a different feeder system to that operating in Foinaven during T10-T32. The change in mineralogy between T31-32 and T34 in Foinaven is therefore ascribed to the interplay of two different depositional systems, with the Schiehallion feeder system becoming dominant across the Foinaven area at the T34 level.
The heavy mineral data therefore play an important supporting role for correlation within the Foinaven Field, as well as helping to understand the sedimentary evolution of the area. However, the heavy mineral study of the Foinaven and Schiehallion area also serves to illustrate the potential dangers of mineralogically based correlation, because the correlation framework established in Foinaven cannot be applied to the adjacent Schiehallion Field. The variations in Foinaven result from the interplay of two different depositional systems, one of which shows variations related to evolution of source area characteristics. By contrast, the Schiehallion area was fed exclusively by one of the two systems that influenced the Foinaven area. Furthermore, the system involved in the Schiehallion area shows no long-term evolution in source characteristics. For the successful application of mineralogically based correlation, it is critical that the depositional context of the sequences is carefully assessed, using a combination of seismic and sedimentological data. In the Foinaven and Schiehallion area, seismic data reveal the operation of several channel systems (Cooper et al. 1999 ) and the heavy mineral data confirm that these were fed from different sources along the adjacent shelf.
Correlation of deltaic/shallow marine sandstones: Brent Group (Middle Jurassic), Oseberg Field, Norwegian North Sea
The Middle Jurassic Brent Group comprises sandstones and mudstones with occasional coals deposited during progradation and subsequent retreat of a coastal-deltaic complex in the northern North Sea area (Graue et al. 1987; Cannon et al. 1992; Helland-Hansen et al. 1992; Mitchener et al. 1992) . The basal part of the Brent Group comprises the Broom Formation in the western part of the northern North Sea and the equivalent Oseberg Formation in the east. These units are interpreted as the products of fan-delta systems that prograded from the rift flanks. They are overlain by the Rannoch and Etive formations, deposited in lower-middle and upper shoreface settings respectively, as the delta complex prograded northwards. The overlying Ness Formation represents delta-plain sediments deposited during the maximum progradational phase, and the topmost unit, the Tarbert Formation, is a sequence of marine sandstones related to submergence and delta retreat.
Although the delta system prograded from south to north along the Viking Graben rift, in response to thermal doming in the central North Sea area (Eynon 1981; Underhill & Partington 1993) , the Brent Group has a complex provenance (Cannon et al. 1992; Mearns 1992; Morton 1992) . Sediment was supplied not only from the updomed area to the south, but also from the Norwegian landmass and East Shetland Platform on the rift flanks. The complexity of sediment sourcing provides opportunities for mineralogically based correlation in the Brent Group, both within and between fields (Morton 1987; Morton et al. 1989) .
The complexity in sediment sourcing is particularly well demonstrated by the wide variation in the composition of detrital garnet assemblages (Morton 1992) . This is illustrated by the stratigraphic evolution in garnet compositions through the Brent Group sequence in the Oseberg Field (Norwegian sector, northern North Sea, Fig. 2) . Sandstones comprising the Oseberg and Etive formations have garnet assemblages that consist virtually exclusively of high-grossular (>10%), highpyrope (>20%) types (Fig. 4) . At the base of the Ness Formation, there is a marked change to assemblages dominated by low-pyrope (<20%) types with variable grossular and spessartine. These persist through the Ness, with variations in abundance that enable constraints to be placed on correlation of individual fluvial channel sandstones between wells. The base of the Tarbert Formation is marked by an increase in the abundance of low-grossular (<10%), high-pyrope (>20%) garnets, a component that is present in minor amounts in some of the underlying Ness (Fig. 4) . The variations in abundance of different garnet types have enabled the development of a detailed correlation framework (Hurst & Morton 1988; Morton et al. 1989) , as shown in Figure 5 .
The changes in mineralogy reflect the interplay of different sediment transport systems. The Oseberg Formation represents the products of a fan-delta system that prograded from the east (Graue et al. 1987) . Comparison with data from present-day river sediments draining the Norwegian landmass shows that the garnet geochemistry can be tied back to a source in the Western Gneiss Region and adjacent areas of western Norway (Fig. 4) . The same source supplied the shoreface sequences of the Rannoch and Etive, either through continued input from the east or through reworking of Oseberg Formation material. By contrast, the overlying Ness sands are the product of the fluvial system draining the area to the south. The sand bodies in the Ness therefore have a markedly different orientation to those of the underlying part of the Brent Group. The garnet assemblages in the shallow marine Tarbert Formation are comparable to those in parts of the Triassic to the south -for example in the Beryl area (Preston et al. 1998 ) -and a recycled Triassic source to the south is therefore considered likely.
The correlative value of the heavy mineral data from the Brent Group in the Oseberg Field is especially well demonstrated by the sequence in well 30/6-9. In wells 30/6-7 and 30/6-10A, there is a marked change in garnet geochemistry that coincides with a lithological change from the predominantly sandstone-dominated Oseberg, Rannoch and Etive to the more heterolithic Ness. However, in 30/6-9, the change in garnet geochemistry from Oseberg-type to Ness-type takes place within the upper part of the sandstone-dominated sequence (Hurst & Morton 1988) . This is interpreted as indicating the presence of a Ness fluvial channel complex that has cut down into the Etive shoreface. The Ness channel sequence has a gamma-ray signature that mimics that of the top OsebergRannoch-Etive sequence in wells 30/6-7 and 30/6-10A (Fig. 5) and, in the absence of heavy mineral data, it is possible that the Ness channel would not have been recognized. The presence of the Ness channel cutting down into the Etive has an important impact not only on the reservoir correlation, but also on the construction of the reservoir model. The Ness channel sand has a different orientation to those of the shoreface and is therefore associated with a distinct permeability anisotropy that could channelize fluid movement through the reservoir during production (Hurst & Morton 1988) . Furthermore, the juxtaposition of Ness and Etive sandstones indicates the likelihood of fluid communication between these two units.
Correlation of fluvial/shallow marine sandstones: Statfjord Formation (Triassic-Lower Jurassic), Brent Field, UK North Sea
The Late Triassic to Early Jurassic Statfjord Formation in the Brent Field (Fig. 2) is a sand-dominated continental fluvial succession, overlain by shallow marine sandstones of the Nansen Formation (Livera & Gdula 1990) . There is poor biostratigraphic control within the reservoir because of the continental depositional environment. Prior to the development of a mineralogically based correlation framework (Morton & Berge 1995) , the reservoir zonation was based on a combination of sedimentology and field performance data.
Heavy mineral suites show significant stratigraphic variations (Morton & Berge 1995) , enabling the subdivision of the succession into three main zones (A, B and C), each with a number of subzones (Fig. 6 ). These can be confidently correlated in cored sections across the Brent Field (Fig. 7) . The correlations made using the heavy mineral scheme generally parallel the boundaries between reservoir units, giving confidence to the existing reservoir zonation and indicating it has a sound geological basis. However, in the case of well 211/29-D44, the mineralogical correlation differs significantly from the previous reservoir zonation. 211/29-D44 is a crestal, faulted well and, consequently, there are difficulties in establishing correlations with unfaulted sections. This shows the value of obtaining independent stratigraphic controls, such as heavy mineral data, when evaluating sequences that are difficult to interpret.
The variations in mineralogy that facilitate correlation of the Statfjord sequence within the Brent Field result from three independent processes. The base of heavy mineral zone C is marked by major changes in the composition of the heavy mineral assemblages (Morton & Berge 1995) , including the Fig. 4 . Garnet compositions in Brent Group sandstones from well 30/6-10A, Oseberg Field, compared with garnets from rivers draining the Western Gneiss Region and adjacent parts of western Norway. Sample points are identified on the log profile for well 30/6-10A in Figure 5 . Oseberg Formation sandstones have similar garnet compositions to those in the Etive, but were not cored in 30/6-10A: see Hurst & Morton (1988) for garnet geochemical data from Oseberg Formation sandstones in adjacent wells 30/6-7 and 30/6-9. Bold lines distinguish high-pyrope, low-grossular garnets, believed to be of granulite-facies metasedimentary or charnockitic origin (Sabeen et al. 2002) ; high-pyrope, high-grossular garnets, mainly derived from basic gneisses; and low-pyrope garnets with variable grossular, typical of metasediments up to amphibolite facies, such as the Moine or Dalradian of Scotland . Filled circles represent garnets with <5% spessartine; open circles represents garnets with >5% spessartine. AS, almandine plus spessartine; P, pyrope; G, grossular. Table 1 ) and in garnet geochemistry, Statfjord and Nansen formations, well 211/29-6, Brent Field. These variations enable the definition of three major heavy mineral zones, A (colour coded in green), B (colour coded in pink) and C (colour coded in blue). The tops of both zones A and B are defined by the upward change from low-GZi to high-GZi assemblages. The B-C boundary is also associated with a change in source area characteristics. Each of the main zones are divided into a number of heavy mineral subzones on the basis of smaller-scale changes in GZi and MZi. Filled circles represent garnets with <5% spessartine; open circles represent garnets with >5% spessartine. AS, almandine plus spessartine; P, pyrope; G, grossular.
Fig. 7. Correlation of Statfjord Formation successions in the Brent
Field achieved using heavy mineral analysis, compared with previous reservoir zonation based on sedimentology and reservoir performance (adapted from Morton & Berge 1995) . Colour coding follows the heavy mineral zonation scheme defined in Figure 6 . appearance of new species (chloritoid, chrome spinel) and a change in garnet geochemistry (Fig. 6) . The detrital zircons in zone C sandstones also have different age spectra to those in the underlying sediments (Fig. 8) . The events at the base of zone C are therefore unequivocally assigned to a change in sediment source area.
Heavy mineral zones A and B show the same pattern of upward-declining GZi values (Fig. 6 ). The similarity in zircon age spectra in garnet-rich and garnet-free sands from zone A in well 211/29-6 (Fig. 8) demonstrates that there is no difference between the sources of these mineralogically distinct sediment types (Morton et al. 1996) . The disappearance of garnet at the tops of zones A and B is therefore ascribed to prolonged weathering during alluvial storage prior to, and possibly at, the ultimate site of deposition. The scarcity of detrital apatite throughout the entire zone A-B sequence indicates that weathering during alluvial storage was an important process through Statfjord deposition.
The subsidiary changes in parameters such as MZi and RuZi that enable the definition of subzones represent more subtle events within the source regions that supplied zones A-B and zone C. These changes can be ascribed either to variations in discharge from different parts of lithologically heterogeneous source terrains, or to unroofing.
Correlation of fluvial sandstones: Cormorant Formation (Triassic), Tern Field, UK North Sea
The Cormorant Formation is a biostratigraphically barren continental fluvial sandstone succession of Scythian-Rhaetian (Triassic) age in the East Shetland Basin, UK northern North Sea (Fisher & Mudge 1998) . In the Tern Field (Fig. 2) , the Cormorant Formation shows stratigraphic variations in heavy mineral assemblages resulting from long-term evolution in source area characteristics coupled with climate change. The sequence in well 210/25-3Z (Fig. 9 ) is characterized by a gradational upward increase in RuZi (from c. 40 to c. 70) and MZi (from c. 20 to c. 50). This represents the long-term evolution of the source area, either through unroofing or changes in the drainage basin. Superimposed on this long-term pattern is a dramatic change in the ATi signal. The lower part of the succession shows a gradual upward decline in ATi, possibly related to the long-term evolution in source characteristics made evident by the RuZi and MZi trends. By contrast, the upper part of the succession shows fluctuations in ATi, from c. 0 to >90, due to variable apatite depletion during weathering on the floodplain. This argues for a change from less humid to more humid conditions, promoting greater apatite depletion in the later part of the Cormorant Formation. This type of variation is not only useful for correlation within the field itself, but also has potential for application on a regional scale, because the effects of changing climate are likely to be manifested in all sediments irrespective of their provenance. The mineralogical evidence for increased weathering suggests that at least the upper part of the Cormorant Formation in the Tern Field is late Triassic in age, with the increasingly humid conditions heralding the onset of the Jurassic.
Correlation of fluvial/aeolian sandstones: Clair Group (Devonian-Carboniferous), Clair Field, west of Shetland Subdivision and correlation of the Devonian-Carboniferous non-marine clastic succession that comprises the reservoir in the Clair Field, west of Shetland (Fig. 2) is hampered by the scarcity of biostratigraphic markers. Allen & Mange-Rajetzky (1992) used a combination of sedimentological and mineralogical data to subdivide the succession into ten units, labelled I-X from base to top. Units I-VI comprise the Lower Clair Group and VII-X comprise the Upper Clair Group. A key parameter used in the Allen & Mange-Rajetzky (1992) correlation scheme was apatite morphology. Since apatite is a relatively soft mineral, it becomes rounded more rapidly than many of the other clastic components and thus apatite morphology is a sensitive indicator of depositional facies. Morton et al. 1996) . Sample positions are shown in Figure 6 . Table 1. Significant fluid flow from the main part of the Clair Field reservoir depends on the combined presence of permeable sandstones and open fractures (Coney et al. 1993) . In the Core Area of the Clair Field, these requirements are met by Unit V, because this unit has the best reservoir quality due to strong aeolian influences (McKie & Garden 1996) and because there is an open fracture system concentrated in the interval from upper Unit IV to lower Unit VII. Successful exploitation of the Clair Field is therefore dependent on drilling horizontal wells targeted on Unit V. Heavy mineral analysis was considered a possible option to assist with geosteering of these high-angle wells , in view of the variations in mineralogy recognized by Allen & Mange-Rajetzky (1992) .
The possible application of heavy mineral analysis in geosteering was tested by undertaking a high-resolution study of the Unit IV-VI interval in 206/8-8, building on the mineralogical and morphological parameters developed by Allen & Mange-Rajetzky (1992) . This enabled the establishment of a threefold subdivision of the interval of interest (Fig. 10) into Unit VIm, Vm and IVm. Unit VIm has consistently high ATi and GZi (both > 90), low apatite roundness index (ARI) and contains significant proportions of unstable minerals (epidote and titanite). Unit Vm has lower ATi and GZi than Unit VIm, although some samples with high ATi and/or high GZi also occur. ARI is high throughout. Unstable minerals are generally absent, although some samples have appreciable quantities. Unit IVm has consistently high ATi and GZi, and ARI shows a downhole-decreasing trend. Unstable minerals are very scarce or entirely absent. The Unit VIm-Vm boundary is close to the lithostratigraphic VI-V boundary, but the Vm-IVm boundary occurs some 20 m below the lithostratigraphic V-IV boundary.
Having established that heavy mineral analysis provides a sound basis for distinguishing the good quality reservoir unit Vm from the poor quality units VIm and IVm, the technique was successfully used at well site as a component of the geosteering suite while drilling two horizontal wells, 206/8-10Z and 206/8-11Z . Figure 12 shows the 206/8-11Z well track, while the heavy mineral parameters acquired at well site are shown in Figure 11 .
From commencement of the high-angle sidetrack down to point #1, the sequence is characterized by extremely high GZi, low ATi, low ARI, relatively high RuZi, moderate abundances of unstable minerals and high unstables:tourmaline ratios (UTi), characteristics typical of the Upper Clair Group (Fig. 12) . At point #1, there is a marked change in mineralogy: ATi values become consistently high, GZi and RuZi are markedly lower and there is a significant downhole increase in unstable minerals. This marks a fundamental change in provenance within the Clair Group, which occurs slightly above the base of the Upper Clair, within Unit VIIA.
At point #2, there is a major downhole decrease in UTi, together with an increase in ARI and a decrease in ATi, indicating penetration of the good-quality reservoir Unit Vm. These characteristics persist as far as point #3, where there is a change to lower ARI, higher ATi and higher GZi. If the well had been drilling down section, this would have been consistent with penetration of Unit IVm. However, at this point the well was essentially horizontal, close to bed parallel and had not penetrated a normal (vertical) thickness of Unit Vm. The significant change at point #3 was unexpected and the original well prognosis was consequently reviewed in the light of the position of the change on the cross-section along the well trace. The most probable explanation is that the well bore had penetrated a fault that had not been resolved on the seismic data, thereby crossing from a position within the main part of litho-Unit V (HM Unit Vm) into sediments probably belonging to HM Unit IVm (Fig. 11) . On the basis of the offset data, these sediments must lie at least 20 m beneath the top of litho-Unit IV on the upthrown side of the fault.
Between points #3 and #4, the sequence shows an alternation of two mineralogical types. One has relatively low ARI, high ATi and high GZi (Unit IVm type), whereas the other has higher ARI, lower ATi and lower GZi (Unit Vm type), Table 1 . ARI (apatite roundness index) is the percentage of well-rounded apatite in the apatite population. Unstable minerals are epidote plus titanite. suggesting that the well bore was tracking close to the Unit Vm/Unit IVm boundary. Since this position was sub-optimal, it was decided to steer the well up-section to try to regain a position nearer to the mid-point of litho-Unit V. This demonstrated the value of the HM data, since this conclusion could not have been made on the basis of the cuttings and LWD data alone.
A major change in mineralogy takes place at point #4 (Figs 11 & 12) . ATi and ARI drop dramatically, GZi rises to nearly 100 and RuZi also increases significantly. These features all indicate penetration of Upper Clair Group (Unit VIIB or VIII) strata. Unstable mineral abundances are slightly lower than previously seen in Unit VIIB or VIII, probably because of dilution by material from the stable-dominated high-angle section. This is probably also the reason why the UTi value levels out at c. 80, compared with >90 for the equivalent section penetrated prior to #1. The well was terminated shortly after this event was recognized.
The variations in heavy mineral parameters over the Unit IVm-VIm interval are interpreted as the interplay of three processes, provenance, transport history and diagenesis. The lower ATi and GZi in Unit Vm is probably a provenance effect, caused by the increased influence of aeolian processes (McKie & Garden 1996) introducing detritus from a wider range of sources. The greater apatite roundness in Unit Vm reflects more prolonged transport, again through increased aeolian activity. Since they reflect changes in provenance and transport history, variations in ATi, GZi and apatite roundness are likely to be correlatable at least on a field-wide basis. The presence of unstables in Unit VIm is a diagenetic effect, with the lower porosity in this part of the sequence (McKie & Garden 1996) inhibiting pore fluid movement and preserving the relatively unstable minerals. The same process accounts for the occasional epidote-and titanite-bearing sandstones in Unit Vm and IVm. Since the distribution of unstables is controlled by diagenesis, this criteria is unlikely to be a reliable discriminator between Unit VIm and Unit Vm over the entire field.
CONCLUDING REMARKS
Correlation of hydrocarbon reservoirs using any provenancebased method depends on two factors: (i) the presence of identifiable stratigraphic variations caused by changes in provenance or transport and depositional history; and (ii) the ability to determine provenance-sensitive parameters that are unaffected by other processes that operate during the sedimentation cycle (notably hydrodynamics and diagenesis). As a consequence of prolonged and extensive research into the controls on the composition of heavy mineral assemblages in sandstones, heavy mineral analysis is now a reliable and proven technique for correlation of clastic successions. As this paper demonstrates, the technique has been successfully applied to a wide range of reservoirs, from fluvial to deep marine and from Devonian to Tertiary, using a combination of different types of parameters (provenance-sensitive mineral ratios, mineral chemistry and grain morphology). A variety of processes gives rise to stratigraphic changes in sediment composition, including source area uplift, unroofing, changes in climatic conditions, extent of alluvial storage on the floodplain and the interplay between different depositional systems. When employing provenance-based correlation methods, it is important that the effects of these processes are fully understood, in order to appreciate the limitations of the correlation framework. The influences of these processes are best evaluated on the basis of a pilot study prior to undertaking a major reservoir correlation project.
Heavy mineral analysis was criticized as being timeconsuming and costly by Preston et al. (1998) . They proposed that elemental data provide a rapid and cost-effective alternative approach, the suggestion being that the abundances of certain elements can be used as proxies for heavy mineral proportions (such as Zr for zircon, Nb for rutile and Cr for chrome spinel). In a detailed study comparing elemental and heavy mineral data from the Otter Sandstone (Triassic) in the Wessex Basin (southern UK), Svendsen & Hartley (2002) show that wholerock elemental data cannot be used to determine the overall composition of heavy mineral suites because of the complex composition of many of the silicate components, such as garnet and tourmaline. However, they suggest that certain mineral ratios (monazite:zircon, TiO 2 group:zircon, TiO 2 group:monazite, apatite:TiO 2 group, apatite:monazite and apatite:zircon) can be quantified using elemental data. Of these, apatite:TiO 2 group, apatite:monazite and apatite:zircon represent ratios of minerals with contrasting hydrodynamic behaviour and are therefore controlled not only by provenance, but also by sediment grain size. Consequently, elemental data enable the quantification of only three truly provenance-sensitive ratios (monazite:zircon, TiO 2 group:zircon, TiO 2 group:monazite). Furthermore, the TiO 2 group frequently includes both detrital and diagenetic components that only petrographic study could effectively distinguish. It should also be mentioned that elemental data quantify whole-rock ratios (i.e. across the full grain size range), negating one of the principles behind the use of provenance-sensitive heavy mineral ratios, namely that to minimize the effects of hydraulic fractionation, the ratios should compare minerals with the same density and grain size. This is achieved in heavy mineral analysis by restricting analysis to a narrow size range, the 63-125 µm fraction being recommended by Morton & Hallsworth (1994) . Therefore, even if the assertion regarding cost made by Preston et al. (1998) is correct, the work of Svendsen & Hartley (2002) has demonstrated that whole-rock elemental analysis can reproduce only a fraction of what can be obtained by petrographic methods. As regards the 'time-consuming' nature of heavy mineral analysis, although the method is undoubtedly operator-intensive (as opposed to machine-intensive), its use at well site demonstrates the ability to produce data rapidly (within two hours of receipt of sample).
In conclusion, we consider that heavy mineral analysis provides high-quality information on correlation of reservoir sandstone sequences and that the method is inherently more reliable than many other approaches because it filters out the effects of overprinting factors, such as hydrodynamics and diagenesis. In addition, since the method deals with samples in terms of their constituent components rather than in bulk, the technique can be successfully applied to cuttings as well as core, because it enables contamination from drilling additives and caving to be filtered out. The technique is also 'value-added' since it yields a number of additional benefits, notably constraints on provenance, sediment transport history and diagenesis.
The application of heavy mineral analysis as a nonbiostratigraphic correlation tool has two limitations. The first is that the ability to correlate depends on the presence of changes in provenance or sediment transport history within the sequence of interest. The absence of such changes precludes the valid application of the method. This is a problem inherent with all provenance-based methods. The other limitation is that the technique can be applied only on coarse clastic sequences and is not suitable for fine-grained sequences or carbonates. However, because the technique enables the direct correlation of the sandstones, rather than the intervening mudrocks, it can be considered a method of correlating reservoir volumes. Undoubtedly, the best constraints on correlation are gained by adopting an integrated approach, since all methods have complementary strengths and weaknesses.
